The transporter associated with antigen processing (TAP) plays a key role in the class I major histocompatibility complex (MHC) mediated immune surveillance. It translocates peptides generated by the proteasome complex into the endoplasmic reticulum (ER) for loading onto MHC class I molecules. At the cell surface these MHC complexes are monitored for their antigenic cargo by cytotoxic T-lymphocytes. Peptide binding to TAP is the essential step for peptide selection and for subsequent ATP-dependent translocation into the ER lumen. To examine the pathway of substrate recognition by TAP, we employed peptide epitopes, which were labeled with an environmentally sensitive¯uorophore. Upon binding to TAP, a drastic¯uorescence quenching of the¯uorescent substrate was detected. This allowed us to analyze TAP function in real-time by using a homogeneous assay. Formation of the peptide-TAP complex is composed of a fast association step followed by a slow isomerization of the transport complex. Proton donor groups moving in proximity to the¯uorescence label cause¯uorescence quenching. Taken together, this peptide-induced structural reorganization may re¯ect the crosstalk of structural information between the peptide binding site and both nucleotide-binding domains within the TAP complex.
Introduction
Cytotoxic T-lymphocytes recognize and eliminate virus-infected or malignant cells. This requires the presentation of fragments derived from viral or tumor-speci®c proteins on the cell surface in association with major histocompatibility complex (MHC) class I molecules (Pamer & Cresswell, 1998) . These peptides are generated in the cytosol mainly by proteasomal degradation (Coux et al., 1996; York & Rock, 1996) . Subsequently, the MHCencoded transporter associated with antigen processing (TAP) translocates these peptides into the endoplasmic reticulum (ER), where chaperoneassisted assembly and loading of MHC class I molecules occurs . Kinetically stable MHC-peptide complexes can leave the ER to the cell surface, where they are screened by cytotoxic T-lymphocytes.
TAP belongs to the family of ATP binding cassette (ABC) transporters, which are characterized by the highly conserved Walker A/B motifs and the C-loop signature (Higgins, 1992) . These transport proteins are found in prokaryotes, eukaryotes and archea, where they are responsible for transport of a very broad spectrum of substrates. Some important members of the ABC-transporter family are the multidrug resistance P-glycoprotein (MDR), the cystic ®brosis transmembrane conductance regulator (CFTR), the oligopeptide transporter of Salmonella typhimurium, and the pheromone exporter Ste6 of yeast. TAP is localized in the ER membrane and composed of two subunits TAP1 and TAP2, each containing a transmembrane and nucleotide binding domain (NBD) Kleijmeer et al., 1992) . This heterodimer is responsible for peptide transport into the ER-lumen ensuring peptide loading onto MHC class I molecules (Androlewicz et al., 1993; Meyer et al., 1994; Neefjes et al., 1993; Shepherd et al., 1993) . Peptides of 8-16 amino acids in length bind to TAP with equal af®-nity , whereas peptides of 9-12 residues are found to be optimal for transport (Koopmann et al., 1996) . TAP accepts peptides with very large bulky side-chains such as¯uorophores (Uebel et al., 1995) or branched peptides (Gromme Â et al., 1997) , indicating a sterically¯exible substrate-binding site. Using combinatorial peptide libraries, the recognition principle of TAP was disclosed in the absence of any sequence context . Peptides are bound by ®xing the ®rst three N-terminal and last C-terminal residues via their side-chains and backbone, while the residues in between do not contribute to substrate af®nity in a signi®cant manner. This binding motif combines maximal diversity in a region of the epitope where T-cell receptor contacts are made with maximal binding af®nity to increase the ef®ciency of antigen processing .
The transport mechanism of TAP can be dissected in an ATP-independent peptide binding and an ATP-dependent translocation step (Uebel et al., 1995; van Endert et al., 1994) . ATP binding does not require the presence of peptides (Mu È ller et al., 1994; Russ et al., 1995) . Here we studied the peptide binding mechanism, which is the initial step of peptide transport using¯uorescein-labeled peptides. The¯uorescence of these peptides is signi®-cantly quenched upon binding to TAP. By developing a homogeneous assay, we are able to resolve the pathway of peptide binding to the TAP complex in real-time. The kinetic analysis revealed that a fast peptide association step is followed by a slow conformational change of TAP. The¯uor-escence quenching is caused by a structural rearrangement of the TAP-peptide complex moving a proton donor group in close proximity to thē uorophore.
Results
Fluorescein-labeled peptides are bound and transported by TAP
The observation that TAP accepts peptides with very bulky side-chains opens up new alternative approaches to study structure and function of the TAP complex. Fluorophores for example can sense small changes in pH or polarity even at very low concentrations (Ohkuma & Poole, 1978) . To adopt this methodology, we substituted each residue of the HLA-B27-restricted epitope RRYQKSTEL by cysteine. Fluorescein was coupled via regiospeci®c thiol chemistry, yielding to cysteine-acetamidouorescein (f). For each reporter peptide, we analyzed the in¯uence of the label on peptide binding and transport by TAP. The af®nity of each labeled epitope was studied by saturation-binding assays as shown for RRYfKSTEL (Figure 1(a) ). The amount of bound peptide can be ®tted using the (1:1 or Langmuir) binding model (equation (5)). In the case of RRYfKSTEL, the af®nity constant K d of 93(AE9) nM was determined. This value is very similar to the K d of the radiolabeled peptide RRYQKSTEL (Uebel et al., 1995) . Comparison of all labeled peptides revealed that the position of thē uorophore is critical for peptide recognition by TAP (Figure 1(b) ). Fluorescein labeling at the amino or carboxy-terminal residue abolished the binding to TAP almost completely, whereas coupling at the positions two or three reduced the af®-nity only about two-to fourfold in comparison to the peptide RRYQKSTEL. Labeling of the position four to eight did not affect or even increased peptide-binding af®nity to TAP by a factor of two to four. These results imply that the peptide-binding pocket of TAP is sterically restricted only at positions one, two, three and nine of a bound nonamer. This con®rms the substrate-binding motif of TAP identi®ed by combinatorial peptide libraries . Next, we analyzed whether these¯uorescent peptides are transported by TAP. In order to trap and detect translocated peptides, an N-glycosylation targeting signal sequence (NST) was introduced. To avoid any in¯uence on the N-glycosylation machinery the¯uorophore was shifted three residues apart from the asparagine residue yielding the peptide RRYQNSTfL. Glycosylated and therefore transported peptides were extracted by ConA-Sepharose binding. As shown for RRYQNSTfL, translocation of the¯uorescent substrate is ATP-dependent and peptide-speci®c, demonstrating that the bulky¯uorophore does not hinder peptide translocation (Figure 1(c) ). ATPdependent transport was observed for all¯uor-escent peptides except the ones labeled at the amino or carboxy terminus. In addition, the binding and transport of¯uorescein-labeled peptides is blocked by the TAP-speci®c viral inhibitor ICP47 (data not shown) (Ahn et al., 1996; Tomazin et al., 1996) . Thus, the¯uorescein-labeled peptides used here are fully accepted as substrates for TAP and present a very potent tool to investigate substrate recognition of TAP.
Quenching of fluorescent peptides in the substrate binding pocket of TAP Because¯uorescein is very sensitive to changes of the surrounding polarity or pH value, we analyzed the¯uorescence emission during the process of substrate binding and dissociation. After TAPcontaining microsomes were added to a solution of RRYfKSTEL, a striking decrease of the¯uor-escence signal was observed, reaching equilibrium within ten minutes (Figure 2(a) ). Then, a 400-fold molar excess of non-labeled peptide (competitor) was added in order to release bound¯uorescence-labeled peptides. Now, we monitored a timedependent increase of the¯uorescence signal, approaching the initial¯uorescence intensity (Figure 2(a) ). In order to guarantee that the change of¯uorescence signal is due to formation and dissociation of the TAP-peptide complex and not due to ATP-dependent substrate transport, all experiments were performed in the absence of ATP. When we used microsomes lacking TAP (Figure 2(a) ) or when the peptide binding pocket is speci®cally blocked by the Herpes-Simplex virus protein ICP47 (data not shown), in either case no change in the¯uorescence signal was observed. The stable¯uorescence signal in the absence of functional TAP as well as the HPLC analysis demonstrate that peptides are not modi®ed by proteolysis over the period of investigation. In summary, the quenching is solely due to binding of uorescent peptide to TAP. The association and dissociation traces can be ®tted to a monoexponential function (see equations (6) and (7)) as demonstrated by the residuals from the ®ts (Figure 2(a) , upper panel). Thus, we have the possibility to determine the apparent rate constant k obs and the dissociation rate k diss of the TAP-peptide complex within an homogeneous assay. At equilibrium, the change of the¯uorescence signal ÁF (t I) can be extracted from the association and dissociation kinetics (Figure 2(a) ). The value re¯ects the amount of bound¯uorescent peptide at equilibrium. Thus, the kinetic pathway of substrate binding can be analyzed directly. Accordingly, the mechanism of the peptide-TAP interaction can be examined. Fluorescence quenching depends on the position of the fluorophore Quenching was quanti®ed by the ratio between the¯uorescent signal measured after reaching binding equilibrium (F bound ) and after competing bound¯uorescent peptide with a 400-fold molar excess of non-labeled peptide (F free ) (Figure 2 (b)). Fluorescent peptides have different af®nities for TAP. In order to ensure the same ratio of bound and free peptides, a peptide concentration of 1.2 mM was used. This represents the saturation concentration of the peptide with lowest af®nity (RRfQKSTEL). The largest quenching effect was observed for position two, three, or four of the nonameric peptide (Figure 2(b) ). While the level of uorescence quenching is equal at these positions, it decreases step-wise if the¯uorophore is moved further to the carboxy terminus. Peptides labeled at position one and nine could not be analyzed because their af®nity for TAP was below the detection limit. In conclusion, upon peptide binding to TAP, the changes in the environment are more drastic in the amino-terminal region of the peptide than in the middle and in the C-terminal segment. Because the peptide RRYfKSTEL shows high af®-nity binding to TAP and the strongest quenching, we selected this peptide for further kinetic analysis.
Peptide binding to TAP is a two-step process
In order to extract the molecular steps of peptide recognition and binding, we analyzed the association and dissociation kinetics by variation of substrate concentrations under pseudo-®rst-order conditions (for details of the kinetic analysis see Appendix). Raising the concentration of labeled peptide, an increase in association rate and¯uorescence quenching (ÁF) was observed (Figure 3(a) ). At equilibrium,¯uorescence quenching (ÁF (t I) ) reached saturation at high concentrations of¯uorescent peptide. Addition of a 400-fold excess of non-labeled peptide induced dissociation of the TAP-peptide complex restoring the initial¯uorescence intensity (Figure 3(b) ). All association and dissociation reactions could be ®tted to a monoexponential function derived from the 1:1 binding model (A B6AB). Kinetic analysis was performed at 10 C to avoid the loss of TAP function during prolonged incubation in the absence of ATP (L.N. & R.T., unpublished data; van Endert, 1999). The analysis of the peptide-TAP interaction over a broad temperature range (6-26 C) demonstrated that the kinetics remain monoexponential. At higher temperatures the association and dissociation reactions become much faster (L.N. & R.T., unpublished results).
The dependence of k obs and k diss on the peptide concentration is summarized in Figure 4 (a). The dissociation rate k diss of 2.1 Â 10 À3 s À1 is concentration-independent. However, the observed association rate k obs does not linearly depend on the peptide concentration as we expected for a simple ligand-receptor interaction. Most strikingly, k obs shows a hyperbolic dependence on the peptide concentration, reaching a constant value at high C (see Materials and Methods). The concentration of TAP and of total protein was 2 nM and 100 mg/ml, respectively. Fluorescencelabeled peptide bound to TAP was released by adding a 400-fold molar excess of non-labeled RRYQKSTEL. The association and dissociation process were ®tted to monoexponential functions (see equations (6) and (7)) (continuous line). (b) The level of¯uorescence quenching depending on the position of the introduced¯uor-escein molecule was quanti®ed by comparing thē uorescence emission (l ex/em 470/515 nm) of 1.2 mM uorescent peptide in the presence (F free ) and absence (F bound ) of a 400-fold molar excess of non-labeled competitor peptide at 10 C. A TAP concentration of 30 nM was used.
peptide concentrations. This is diagnostic for a two-step process composed of a fast bimolecular association step followed by slow unimolecular isomerization reaction (Hiromi, 1979 ) (Scheme 1) (for details see Appendix):
Assuming that k 1 [P] k À1 4k 2 k À2 , the dissociation constant of the ®rst step K À1 and the rate constants for the second step k 2 , k À2 can be calculated from the observed association rate at various peptide concentrations [P] (Hiromi, 1979 ) (see Appendix):
All kinetic parameters determined from the kinetic analysis are summarized in Table 1 . The strict monoexponential behavior of the association and dissociation kinetics for all peptide concentrations, as well as the hyperbolic dependence of saturation behavior of k obs indicate that the second step is exclusively responsible for the observed¯uor-escence quenching (Hiromi, 1979) . k À2 extracted from equation (1) and k diss (see Figure 3 (b)) appear to be identical in the range of error.
The parameters were used to calculate the equilibrium binding constant of the second step K 2 and the dissociation constant K total of the overall process (Table 1) :
In an alternative approach and additional crosscheck, the equilibrium constant K total of the overall binding process was analyzed by plotting the equilibrium¯uorescence quenching (ÁF (t I) ) versus peptide concentration (Figure 4(b) ). Applying equation (4), the equilibrium constant K total and the maximal equilibrium¯uorescence quenching ÁF (t I)max was determined:
The equilibrium constants K total extracted from the kinetic analysis (9.1 (AE 1.6) nM) and from ÁF (t I) (12.0(AE 1.0) nM) are in very good agreement (Table 1) .
Fluorescence-labeled peptides sense a proton donating group within the substrate binding pocket of TAP The¯uorescence of¯uorescein is quenched by changing the hydrophobicity or by decreasing the pH of the solvent (Ohkuma & Poole, 1978) . Protonation of the carboxy group of¯uorescein results in uorescence quenching. If the interaction of a¯uor-escein-labeled ligand with its receptor results in a change of the microenvironment of the¯uorophore, a decrease in¯uorescence intensity might be observed. This was demonstrated for example for the serotonin receptor 5HT 3 and its¯uorescein-labeled ligand (Tairi et al., 1998) . In order to eluci- Figure 3 . Concentration-dependent peptide association and dissociation kinetics.
(a) The association kinetics at various concentrations of RRYfKSTEL to TAPcontaining microsomes was measured at 10 C in the absence of ATP. The time-dependent¯uor-escence quenching ÁF was plotted. (b) After reaching equilibrium the dissociation of the peptide-TAP complex was monitored by adding a 400-fold molar excess of nonlabeled peptide. The parameter k À2 , k 2 and K À1 were calculated from the data shown in Figure 4 (a). The dissociation constant k diss was determined by averaging the rate constants given for different peptide concentrations (n 5) in Figure 4 (a). The equilibrium constant K 2 for the slow second step was calculated using equation (2). The dissociation constant K total for the total process was determined by either equation (3) date the reason for the change in¯uorescence quantum yield upon peptide binding to TAP, emission scans of bound and free RRYfKSTEL were recorded ( Figure 5(a) ). As shown in the reference spectra, the position of the emission maximum remains constant at different pH values ( Figure 5(b) ), while the maximum is shifted to higher wavelength by adding 1,4-dioxane, which is known to mimic a hydrophobic environment ( Figure 5(c) ). Comparison with the emission maximum of TAP-bound and free peptides indicates that the observed¯uorescence quenching is due to protonation of the carboxy group of¯uorescein. Therefore, a proton-donating group has to move into close proximity of the bound peptide during the structural reorganization of TAP. Because¯uor-escence quenching is more drastic if the label is attached at positions 2, 3 and 4 (Figure 2(b) ) of a nonameric peptide, it is evident that the proton donor is located near these positions. Lacking a high-resolution structure of TAP, we cannot decide whether an amino acid residue within the peptidebinding pocket interacts directly with¯uorescein or whether water molecules mediate the proton transfer.
Discussion
The transport complex TAP plays an essential role in antigen processing and cellular immune response directed against virus-infected and malignant cells. Moreover, due to its homology to other ABC-transporters entangled in many physiological and pathobiochemical processes such as multidrug resistance (MDR), cystic ®brosis (CFTR), or adrenoleukodystrophy (ALD), TAP serves as an ideal model to investigate the substrate recognition and translocation mechanism of the ABC superfamily, which still remains a major challenge in basic and clinical research.
TAP shows a broad substrate speci®city, tolerating peptides with very large side-chains (Gromme Â et al., 1997; Uebel et al., 1995 . To analyze the substrate-binding pathway, we took advantage of this property by labeling peptides with¯uorescein. A drastic¯uorescence quenching of¯uorescein-labeled peptides was observed upon binding to TAP. Thus, it is possible to analyze peptide association in real-time. Most important, this assay works in homogeneous solution. Therefore, exact equilibrium constants can be determined, which are not restricted by a separation procedure as in the case of heterogeneous assays. Interestingly, the dissociation constant obtained by kinetic analysis (K total 9.1(AE 1.6) nM) (Figure 4(a) ) is tenfold (4), the overall equilibrium-binding constant K total was calculated (Table 1 ). lower than the one measured by heterogeneous ®l-tra-tion or centrifugation assays (K d 93 (AE 9) nM) (Figure 1(a) ). This difference is probably due to the dilution step before washing and the time lag to separate free and bound peptides. The higher TAP af®nity may also re¯ect a more ef®cient translocation of antigenic peptides at low peptide concentrations expected in vivo.
Most strikingly, analysis of the monoexponential association kinetics revealed a non-linear, hyperbolic dependence of the association kinetic k obs on peptide concentration (Figure 4(a) ). The data are in agreement with a two-step model composed of a fast bimolecular association step followed by a slow unimolecular isomerization step. The strict monoexponential association kinetic as well as the saturation behavior of k obs indicates that the second step is exclusively responsible for¯uorescence quenching. Similar two-step interactions including structural reorganizations have been identi®ed for many protein-substrate interactions, such as the medium-chain acyl dehydrogenase (MCAD) and its pseudo-substrate 3-indolepropionyl-CoA (Johnson et al., 1992) , the muscarinic acetylcholine receptor and the green mamba toxin (Toomela et al., 1994) , lysozyme and N-acetylglucosamine (Holler et al., 1969) , or the Ras-binding domain of c-Raf-1 and the GTP-bound form of H-Ras (Sydor et al., 1998) .
Based on the kinetic analysis, we propose the following model of substrate binding to TAP (Figure 6 ). Formation of the peptide-TAP complex is initiated by a fast binding step. The association does not change the environment in the direct vicinity of the¯uorophore. In the second, slow isomerization step, TAP-peptide complex undergoes a conformational change, in which a proton donor group moves in close proximity of the N-terminal region of the bound peptide. The effect of¯uor-escence quenching is most signi®cant if the¯uoro-phore is attached to positions 2, 3 and 4 (Figure 2(b) ) of the peptide epitope. There are several lines of evidence that the structural reorganization is attributed mostly to TAP and not to the peptide. First,¯uorescence quenching is observed for many peptide epitopes labeled at various positions. Therefore, it seems unlikely that a particular conformation of the peptide causes quenching. Second, the effect on¯uorescence quenching correlates with substrate-binding motif and the steric constrains of the peptide-binding pocket of TAP (Gubler et al., 1998; . Third, an extended thermodynamic analysis of the peptide association and dissociation process revealed that a rather large number of amino acid residues contribute to the isomerization, excluding the possibility that simply a conformational adaptation of the peptide was observed (L.N. & R.T., unpublished results). In addition, indirect evidence for a more compact conformation of the TAP heterodimer in the presence of peptides was provided by using a crosslinking approach (Lacaille & Androlewicz, 1998) .
Green mamba toxin has a high af®nity for the muscarinic acetylcholine receptor (K total 10 nM) although the dissociation constant for the ®rst step K À1 of the two-step association process was determined to be only 1.4 mM. This is due to an extremely low k À2 value relative to its k 2 value (K 2 k 2 /k À2 $ 140) which causes a trapping of the substrate-bound receptor in the rearranged form (Toomela et al., 1994) . Since the dissociation constant for the overall process of peptide binding to TAP (K total 12.0(AE 1.0) nM) is only slightly smaller than the dissociation constant for the ®rst step (K À1 32(AE 3) nM), the second step does not signi®cantly contribute to the binding af®nity. The isomerization does not seem to largely affect the binding af®nity of TAP. Hence, the structural reorganization of the TAP-peptide complex might ful®ll another purpose. Because the hydrolysis of ATP is strictly dependent on peptide binding (S. Gorbulev & R.T., unpublished results), it is tempting to speculate whether the peptide-induced conformational change is involved in the communication between the peptide binding site and both NBDs. The rearranged TAP complex might represent an intermediate within the peptide translocation cycle, which signals the successful loading of the peptide-binding site. This signal could then trigger the ATP-hydrolysis at the NBDs and the translocation of the peptide across the membrane into the ER lumen. The strict coupling between peptide binding and conformational change of the TAP-peptide complex seems highly attractive, because it prevents the spoliation of ATP. The induced ®t of hexokinase upon binding of glucose was one of the earliest reported examples for a conformational change avoiding wasteful ATP-hydrolysis (Anderson et al., 1979) . Peptide binding and structural reorganization of TAP may trigger the crosstalk between both NBDs due to a more compact conformation of TAP enhancing the contact between Figure 6 . Two-step binding model. Peptide binding to TAP is a two-step process composed of a fast bimolecular association step followed by a slow isomerization reaction, which causes the¯uorescence quenching of thē uorescein-labeled peptide in the substrate binding pocket of TAP.
both NBDs (Figure 6 ). This intra/intermolecular communication may synchronize the ATPhydrolysis and the peptide translocation.
Manifold applications for this new¯uorescence binding and quenching assay seem to be conceivable. High-throughput methods under homogeneous conditions can be developed screening different TAP-mutants or searching for drugs affecting TAP-function. Controlling TAP-activity after solubilization or incorporation into liposomes can help to optimize conditions for the reconstitution of TAP. Moreover, the architecture of the peptide-binding site could be mapped. The translocation process of nascent secretory proteins into the ER and the size of the translocation pore was investigated by determining the accessibility of external quenchers to¯uoro-phores coupled to de®ned positions within the translocated proteins (Crowley et al., 1993 (Crowley et al., , 1994 Hamman et al., 1997) . By analogy,¯uorescence quenching experiments using quencher molecules with various size and charge will disclose the microenvironment of bound peptides. Here, for the ®rst time, the kinetic pathway of peptide binding to the TAP complex could be analyzed in real-time using a homogeneous assay. In future, related approaches can be applied to follow the passage of the substrate through the location channel of TAP. It appears to be obvious that besides replacing radioactive methods¯uorescence spectroscopy offers numerous possibilities to investigate TAP function in a very distinct way.
Materials and Methods

Preparation of TAP-containing microsomes
Coexpression of human TAP1 and TAP2 in Sf9 insect cells has been reported previously (Ahn et al., 1996; Meyer et al., 1994) . TAP-containing microsomes were isolated by a combination of differential and density gradient centrifugation Uebel et al., 1995) . All buffers used for preparation were supplemented with protease inhibitors (50 mg/ml AEBSF, 1 mg/ml aprotinin, 150 mg/ml benzamidine, 10 mg/ml leupeptin, 5 mg/ml pepstatin). Microsomal membranes were resuspended in PBS, 1 mM DTT (pH 7.4), snap-frozen in liquid nitrogen and stored at À80 C. Protein concentration was analyzed by A 280 and MicroBCA (Pierce, Rockford, USA). The concentration of TAP was determined by measuring the maximal amount of speci®cally bound peptide (B max ) using a heterogeneous peptidebinding assay.
Peptide synthesis and fluorescence labeling
All peptides were synthesized by solid phase technique applying conventional Fmoc-chemistry. Peptides containing cysteine residues at various positions were coupled to¯uorescein by incubating peptides with a 1.2 molar excess of 5-iodoacetamido¯uorescein (Molecular Probes, Eugene, USA) in PBS, 20 % (v/v) dimethylformamide (pH 6.0) for two hours at room temperature. The labeled peptides were puri®ed by reversed-phase HPLC. Identity was veri®ed by mass spectrometry.
Heterogeneous peptide binding assays
TAP-containing microsomes (35 mg total protein) were incubated in the absence of ATP with increasing concentrations of¯uorescein-labeled peptide in 150 ml assay buffer (PBS, 1 mM DTT, 5 mM MgCl 2 , pH 7.4) for 15 minutes at 4 C. The absence of ATP was ensured by 0.03 unit/ml apyrase (Sigma, Deisenhofen, Germany). Subsequently, 350 ml of ice-cold assay buffer were added and microsomes were pelleted by centrifugation (12,000 g, eight minutes, 4 C). After washing with 500 ml ice-cold assay buffer, microsomes were lysed in PBS, 1 % (w/v) SDS (pH 7.4). The amount of bound peptide was quanti®ed by the¯uorescence emission signal (l ex/em 470/515 nm). All spectra were corrected for light scattering by subtracting the signal of microsomal samples lacking¯uorescent peptides. The amount of unspeci®c binding was determined by blocking the speci®c binding sites with a 400-fold molar excess of non-labeled peptide. To calculate the dissociation constant K d of the¯uorescein-labeled peptides, the amount of speci®cally bound peptide B was plotted against the peptide concentration [P]. Data were ®tted using the equation (5):
Peptide transport assay TAP-containing microsomes (35 mg total protein) were incubated with 3 mM ATP and 300 nM¯uorescent peptides containing an N-glycosylation consensus sequence (NXS/T) in 100 ml assay buffer. After four minutes at 37 C, adding 400 ml ice-cold assay buffer stopped peptide transport. After centrifugation (12,000 g, eight minutes, 4 C) and washing with 500 ml cold assay buffer, microsomes were lysed in 700 ml NP-40 lysis buffer (50 mM Tris, 150 mM NaCl, 5 mM MgCl 2 , 1 % (v/v) NP-40, pH 7.4). N-Glycosylated (transported) peptides were bound to 30 ml concanavalin A-Sepharose (Sigma, Deisenhofen, Germany) during an 1.5 hour period of gentle shaking at 4 C. Thereafter, the beads were washed three times with 1 ml lysis buffer. Finally, peptides were eluted with 200 mM methyl a-D-mannopyranoside and quanti®ed by¯uorescence emission (l ex/ em 470/515 nm). Background transport activity was determined by replacing ATP with 3 mM ADP or alternatively, in the presence of a 400-fold molar excess of non-labeled peptide (RRYQKSTEL). All spectra were corrected for light scattering by subtracting the signal of samples lacking¯uorescent peptide.
Analysis of the association and dissociation kinetics
Fluorescein-labeled peptides were preincubated in 900 ml assay buffer at 10 C. After reaching a stable¯uor-escence emission signal (¯uorescence drift <50 cps/min) TAP-containing microsomes in 100 ml assay buffer were injected into the cuvette. Prior to use, microsomes were ATP-depleted by pretreatment with 0.03 unit/ml apyrase (Sigma, Deisenhofen, Germany) for ten minutes. The ®nal protein and TAP concentration were 100 mg/ml and 2 nM, respectively. Due to the low concentration of TAP and the molar excess of¯uorescent peptide, pseudo-®rst-order conditions can be applied. After reaching binding equilibrium indicated by a stable¯uorescent emission signal (¯uorescence drift <50 cps/min), adding a 400-fold molar excess of non-labeled peptide (RRYQK-STEL) started dissociation of the peptide. The¯uor-escence emission signal (l ex/em 470/515 nm) was recorded using a FLUOLOG-3 spectrometer (Instruments S.A., HORIBA Group, Paris, France) equipped with a micro stirring device. Light scattering was reduced by double monochromators and narrow slits (3 nm). Inner ®lter effects were by-passed by a triangular cuvette, which reduces the pathway of light through the turbid solution. The time-dependent changes in the¯uorescence signal were ®tted to a monoexponential function yielding the observed association and dissociation rate constants, k obs and k diss . association kinetic:
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